Introduction
The American Cancer Society projects 76,380 new melanoma cases and 10,130 deaths due to melanoma in the USA in 2016 [1] . While melanoma is usually incurable once metastatic to distant sites, several laboratory insights about melanoma are changing clinical practice [2] [3] [4] [5] . Germane to this study is the insight that melanomas express antigens that can be recognized by T cells, some of which are patient-specific mutant epitopes (i.e., neoantigens) [6] . This is clinically important as T cell-directed immunotherapies, such as treatment with immune checkpoint blockade, can mediate durable tumor regression in some melanoma patients [7] [8] [9] . However, durable antitumor responses are only realized in a minority of melanoma patients receiving these treatments. The genomic landscape in human melanoma from individual patients [10, 11] , like that in other human tumors [12, 13] , demonstrates multiple non-synonymous substitutions, deletions, and insertions in protein-coding sequences that alter amino acid sequences in tumor cells. Whether these mutations appear in driver or passenger genes, it is reasonable to assume that such de novo protein sequences may serve as target autologous tumor-associated antigens (TAA) for induction of protective immune responses. Treatments that stimulate an effective immune response against multiple autologous TAA could provide important clinical benefit for patients with advanced melanoma as well as patients with other types of cancers.
One of the main prerequisites for eliciting an effective antiautologous TAA immune response is the targeting of the TAA for effective uptake by APC. This was found to be feasible by intratumoral injection of α-gal glycolipids [14] [15] [16] . α-Gal glycolipids are a mixture of glycolipids carrying a carbohydrate antigen called the "α-gal epitope" with the structure Galα1-3Galβ1-4GlcNAc-R. The α-gal epitope is the ligand of the natural anti-Gal antibody which is the most abundant natural antibody in humans constituting ~1 % of serum immunoglobulins in healthy individuals as well as in cancer patients [17] [18] [19] [20] . Whereas the anti-Gal antibody is naturally produced only in humans, apes, and Old World monkeys, the α-gal epitope is naturally synthesized and millions of epitopes per cell are expressed on most tissues in non-primate mammals, prosimians, and New World monkeys [17, 18, [21] [22] [23] .
When injected into tumor lesions, α-gal glycolipids insert spontaneously by their "fatty acid tail" into tumor cell membranes and bind the natural anti-Gal antibody. This antigen/antibody interaction results in activation of complement and recruitment of cells able to induce antibody-dependent cell-mediated cytotoxicity (ADCC), as well as recruitment of APC such as dendritic cells (DCs) and macrophages, into treated lesion [14] . The interaction between the Fc portion of anti-Gal bound to α-gal glycolipids inserted into the tumor cell membranes and Fc receptors of the effector cells and APC results in ADCC as well as internalization into APC of tumor cells or tumor cell membranes coated with anti-Gal. The APC transport the TAA of the internalized tumor cells to draining lymph nodes (LNs) where they process and present immunogenic TAA peptides for the activation of tumor specific T cells. This treatment thus results in anti-Gal-mediated destruction of tumor cells in the injected tumor lesions and conversion of such lesions into an autologous cancer vaccine without having to characterize the various TAA in the treated patient [14, 16] .
The primary objectives of this study were to (1) determine the toxicity of α-gal glycolipids injected intratumorally in advanced melanoma patients and (2) identify the maximum tolerated dose (MTD) of α-gal glycolipids in this patient population. The secondary objectives of this study included (1) assess response (both treated and untreated lesions) to intratumoral injection of α-gal glycolipids in advanced melanoma patients using RECIST and (2) evaluate, in HLA-A2 + treated patients, the development of an immune response to common TAAs.
Materials and methods

Clinical protocol and patients
From September 2010 through August 2013, nine patients with advanced melanoma participated in this trial [University of Wisconsin (UW) Carbone Cancer Center Protocol CO08604]. The UW Human Subjects Committee and the FDA approved the study (IND 12946). All patients signed informed consent forms and registered with the Biostatistics Registration Desk prior to treatment. All patients had advanced unresectable histologically proven melanoma (recurrent stage III or stage IV) that was refractory to therapy or without known effective or curative therapy and with at least one readily resectable cutaneous, subcutaneous, or readily palpable lymph node metastasis. Measurable disease other than the lesion selected for serial biopsy was desirable but not required. Patients could have received any prior number of therapies. Patients needed to have an Eastern Cooperative Oncology Group (ECOG) Performance Status of 0-2. Patient needed to have adequate end organ function defined as the following: total bilirubin < 1.5 the upper limit of normal (ULN); AST and ALT < 2.5 × ULN; Creatinine < 1.5 × ULN; hemoglobin > 10.0, platelet count > 100,000, and WBC > 3000/mm 3 . Patients were excluded from this study if they had a history of autoimmune disease, required treatment with chemotherapy or steroids, or had significant intercurrent illnesses. Patients needed to have a serum anti-Gal titer above 1:50 as assayed by ELISA with synthetic α-gal epitopes linked to BSA as solid-phase antigen [24] .
α-Gal glycolipid description, preparation, and delivery α-Gal glycolipids were extracted at University of Massachusetts Medical School from rabbit red cell membranes as previously described [14] . Batches of 1 l of packed rabbit red cells (Pelfreez Biologicals, AK) were lysed by hypotonic shock and washed to remove hemoglobin. The red cell membranes were mixed by stirring in a solution of 600 ml chloroform and 1200 ml methanol for 20 h. After filtration for removal of particulate material, 400 ml of pyrogen-free, sterile, distilled water was gradually added to generate "Folch Partition" [25] that separates between ~600 ml lower organic phase (containing chloroform, methanol, phospholipids, cholesterol, and glycolipids with three carbohydrate chain lacking α-gal epitopes) and ~1500 ml upper aqueous phase. The aqueous phase contained most of the α-gal glycolipids with 5-40 carbohydrate units and having 1-8 carbohydrate branches (antennae) all capped with α-gal epitopes [14] and was dried in a rotary evaporator. The α-gal glycolipids were dissolved in sterile water as micelles and brought to a concentration of 10 mg/ml. The α-gal glycolipid micelles were sonicated to disperse large micelles and underwent final sterilization by filtration through a 0.2 μm Amicon filter. Between 300 and 400 mg of α-gal glycolipids could be prepared from each 1 l of packed rabbit red cells.
The planned injection volume was 1.0 ml for each of the three dose levels. The concentrations were 0.1, 1.0, and 10 mg/ml of α-gal glycolipids micelles. However, patients with a small tumor that could not be injected with 1 ml could receive the planned dose in an injection of 0.5 ml of 0.2, 2.0, or 20 mg/ml in each dose level. The dose (0.1, 1.0, or 10 mg) was injected throughout the target lesion in 3-10 aliquots.
Study design and biopsy schedule
Patients received a total of two injections of α-gal glycolipids administered 4 weeks apart ( Supplementary Fig. S1 ). Blood samples for clinical, immunological, and autoimmune monitoring were obtained pre-treatment and 4 weeks after each treatment. In addition, clinical laboratories were obtained 24 h and 2 weeks after each treatment (Supplementary Fig. S1 ). Prior to the second treatment of α-gal glycolipids, patients received an intradermal injection in an extremity with 10 μg of α-gal glycolipids given as 0.1 ml from a concentration of 0.1 mg/ml and then observed for 1 h to test for allergic reaction to the treatment. A second α-gal glycolipids injection at the assigned dose level was then administered into the tumor lesion. The treated lesions were evaluated by physical examination prior to each treatment and 2 and 4 weeks following each injection. Core biopsies were obtained from the treated lesion prior to the first injection, 2 weeks following the first injection and 4 weeks following the second injection. The sizes of the treated lesions, as well as the sizes of selected untreated lesions, were monitored after the patient completed treatment in the study during regular clinic visits. Other lesions, in addition to the treated lesion, could be biopsied for evaluation of antitumor activity at sites distant from the treated lesion.
Toxicity grading and assessment
Both local and systemic toxicity to the α-gal glycolipids injections was assessed according to the NCI-CTC, version 3.0. A history and physical examination were obtained for each patient at baseline, then again on Days 1, 2, and 15 during each of the two 4-week treatment courses. Standard laboratory toxicities were assessed regularly throughout the study period. To assess local toxicity due to the therapy, injection sites were examined regularly while patients were on study and the sites were graded for "injection-site reactions." Long-term follow-up and toxicity assessments were planned at 3, 6, and 12 months after completion of the study, after which patients were followed clinically for disease progression and survival.
Response criteria
The response of the tumor directly injected with the α-gal glycolipids to the treatment was evaluated 2, 4, and 8 weeks after injection, by directly measuring size of the injected tumor. Overall antitumor response (evaluating all sites of tumor per RECIST 1.0) included physical examination and CT scan measurements; criteria were applied to measurements obtained 8 weeks following initial injection with α-gal glycolipids [26] . Evaluation of antitumor responses included physical examination and CT scan measurements.
Clinical and laboratory immunological monitoring
Autoimmunity: Clinical evidence of an autoimmune response included rash, arthritis, arthralgia, serositis, vasculitis, and vitiligo. In addition, sera were obtained from patients to monitor for erythrocyte sedimentation rate (ESR) and antinuclear antibodies (ANA) pre-treatment, Day 15, Day 29, Day 43, Day 57, and at the 12 week, 24 week, and 1 year time points.
Processing and histological analyses of injection-site biopsies: Core biopsies were obtained from treated and untreated lesions (see biopsy schedule in Supplementary Fig. S1 ). Biopsies were bisected, half kept frozen, in OCT for further potential studies, and half fixed in 10 % buffered formalin and processed for H&E staining and immunohistochemistry studies. The expression of PD-L1 (mAb clone 5H1) [27] on the surface of tumor cells and on infiltrating macrophage/DClike cells in tumor biopsies was assessed in targeted and nontargeted tumor biopsies pre-treatment as well as 2 weeks after the first injection and 4 weeks following the second injection.
Immunological monitoring: PBMC (HLA-A2 + patients) were incubated for 10 min at 25 °C with 1 μg each of the following HLA-A*0201 unlabeled TAA pentamers: gp100 209-217(210M), gp100 154-162 , MelanA/MART-1 26-35(27L) , NY-ESO-1 157-165 , and Tyrosinase 369-377(371D) (ProImmune). Cells stained with CMV pp65 495-504 or HTLV-1 Tax [11] [12] [13] [14] [15] [16] [17] [18] [19] served as positive or negative controls, respectively. Cells were washed and counterstained with the viability dye ViViD (Invitrogen), Alexa 700-conjugated anti-CD3 (UCHT1), FITC-conjugated anti-CD8 (LT8, ProImmune), APC-Cy7-conjugated anti-CD4 (RPA-T4, BD), Pacific Blue-conjugated anti-CD14 (M5E2), eFluor450-conjuagted anti-CD19 (HIB19), plus 2.5 tests of APC-labeled Fluorotag (ProImmune) for 20 min on ice. Flurotag is an APC tagged protein that binds specifically to unlabeled pentamers and is used as a secondary reagent. Reagents were from eBioscience, unless otherwise indicated. Data were acquired on a LSR II cytometer and analyzed with FlowJo 9.6.4. Following exclusion of doublets, CD4
dye aggregates and dead cells, CD3
+ CD8 + pentamer + cells were examined.
Statistical methods
The study design was for escalating doses of α-gal glycolipids to be administered intratumorally in cohorts of three patients. If no dose-limiting toxicity (DLT) was observed in the first three patients by Day 57, the next dose level was to be accrued. If one DLT occurred, three additional patients needed to be accrued at the same dose level. If no additional DLTs were observed, the next dose level was accrued. However, if two or more DLTs were observed in a given dose level, the MTD was defined as the next lowest dose level.
Regarding the immunological monitoring, logistic regression analysis was used to analyze the rates of TAA pentamer + T cells after gates were constructed from background measurements. Factors in the logistic regression analysis included patient identifier (eight patients), cell condition (background/TAA + ) and tissue sampling time (pre-/post-), and the logistic regression was fitted to data using glm in R [28] . Regarding the tumor necrosis data, McNemar's test was used to assess effects of treatment. The analyses of PD-L1 expression were exploratory.
Results
Patient characteristics
Nine patients were entered into this study between September 2010 and May 2013; their pre-treatment characteristics are given in Table 1 . The median patient age at the time of enrollment was 63 years (range 42-77 years). Four of the nine patients were women. All nine patients had an ECOG Performance Status of 0 or 1. All nine patients had been treated surgically before entering the study, two had received prior treatment with a BRAF inhibitor and MEK inhibitor, and one had received prior ipilimumab. The most common sites of metastatic disease were the lungs (n = 7) and distant LNs, skin, or subcutaneous tissue (n = 6 with at least one of the above). One patient had recurrent stage III disease at the time of study entry.
Treatment summary
The pre-treatment anti-Gal titers, α-gal dose levels, and administered treatment volumes of α-gal glycolipids are given in Supplementary Table S1. All doses were administered according to the pre-determined schedule. None of the patients experienced allergic reaction to the α-gal glycolipids injection, DLT, or Grade 3 or higher treatment-related toxicities. Grade 1 and 2 toxicities were not prospectively collected. The local toxicities at the sites of α-gal glycolipid injections were mild and included erythema, swelling, pain, and tenderness (Table 2) . No clinical autoimmune toxicity was detected, based on the absence of clinical rash, arthritis, arthralgia, serositis, vasculitis or vitiligo, and no significant increase in laboratory evidence of ESR or ANA (data not shown).
Antitumor effects
The best clinical response and the duration of that response are given in Table 2 . All nine patients had clinically evaluable disease at the time of study enrollment; two patients maintained stable disease for 8.2 months (UW001) and 7.5 months (UW006) after receiving two injections of α-gal glycolipids administered 4 weeks apart; the remaining seven patients had disease progression. The injected lesions (target lesions) were individually measured at baseline as well as 4 weeks after each injection of α-gal glycolipids. Three of the injected lesions were stable in size 4 weeks after the second of α-gal glycolipids injection, and the remaining six lesions had at least a 20 % increase in measurement of the longest diameter 4 weeks after the second α-gal glycolipids injection ( Table 2) .
Histology of tumor biopsies
Tumor nodules that were targeted for α-gal glycolipids injection, and where available, tumor nodules not targeted for injection, were needle core biopsied pre-treatment and evaluated on H&E stained sections. Targeted and nontargeted nodules were re-biopsied 2 weeks after the first injection and at 8 weeks (4 weeks following the second injection). Representative histological analyses from a single patient (UW002) are shown in Fig. 1 , and the tumor biopsy summary from all patients is given in Table 3 . Minimal to no changes in inflammatory infiltrate were noted between biopsies. Tumor cell necrosis, however, appeared to increase following therapy (Table 3) . In some cases, this appeared as small foci of tumor necrosis and apoptosis amidst otherwise viable melanoma cells, while in others large diffuse areas of tumor necrosis were noted, which did not appear to be associated with either neutrophilic or lymphocytic inflammatory responses. Overall, an increased tumor necrosis was observed in the injected lesion in five of nine patients 2 weeks after the first injection. The degree of necrosis was decreased, maintained, or increased, in two, two, or one, respectively, of these five patients 4 weeks after the second injection. The remaining four patients did not exhibit necrosis in the injected lesion. However, one of these four patients had an intense inflammatory infiltrate that obscured tumor cell evaluation at both post-treatment time points. Biopsies of non-targeted lesions were collected 4 weeks post-second injection and two of four patients had evidence of necrosis. One patient had focal necrosis in a non-targeted lesion at pre-treatment; this lesion was not evaluable at later time points. Interestingly, the melanoma cells of the patient (UW002) who did not show frank necrosis showed a peculiar ballooning type of degeneration with a frothy, ground-glass-appearing cytoplasm at both biopsy time points in the target lesion, as well as a diffuse necrosis of all tumor cells in the non-target lesion 4 weeks after the second injection (Fig. 1) .
Exploratory analyses of the expression of PD-L1 on the surface of tumor cells and on infiltrating macrophage/ DC-like cells in tumor biopsies demonstrated that three of eight evaluable patients in this study had increased PD-L1 expression on infiltrating macrophage/DC-like cells following treatment with α-gal glycolipids (Supplementary Table  S2a ). Two of eight evaluable biopsies contained PD-L1 + tumor cells at pre-treatment, whereas six of eight were negative. Of these six negative biopsies, one patient (UW003) had some PD-L1 + tumor cells following treatment with α-gal glycolipids (both time points) (Supplementary Table  S2b ). This same patient showed strong up-regulation of PD-L1 expression on tumor cells in a distant, non-injected tumor nodule following treatment (Supplementary Fig. S2 ).
TAA pentamer + T cells detected preand post-treatment with α-gal glycolipids
Pre-treatment and Day 57 post-treatment PBMC from HLA-A2 + patients (eight of nine treated patients are HLA-A2 + ; UW008 is HLA-A2 − ) were incubated with pooled TAA pentamers. An HTLV-1 pentamer was used as a negative control to establish the pentamer + gate. TAA pentamer + cells were observed in all patients, both pre-and post-treatment, and their frequency was above that following staining with the negative control HTLV-1 reagent. An approximate two-to fivefold increase in the frequency of TAA pentamer + cells post-versus pre-treatment was observed for three of eight patients (UW001, UW004, and UW009) ( Fig. 2; Table 4 ). In the remainder of patients, the frequency of TAA pentamer + cells post-treatment was not substantially boosted (UW002, UW003 and UW007), or was decreased (UW005 and UW006), as compared to pre-treatment ( Fig. 2; Table 4 ). The median fluorescence intensity (MFI) of the TAA pentamer + T cells was markedly higher post-treatment as compared to pre-treatment for both UW001 and UW002, and slightly less so for UW009 ( Fig. 2 ; Table 4 ). Logistic regression analysis (methods) indicated a significantly higher rate of TAA pentamer + T cells among samples stained with TAA pentamers (p < 0.0001), as one would expect; it also indicated that post-treatment samples had slightly higher rates of TAA + cells, though the observed increase was not statistically significant (p = 0.26).
Discussion
This study is the first report of the clinical safety and biologic activity of repeated intratumoral injections with α-gal glycolipids as means for converting tumor lesions into autologous vaccines. A recent study demonstrated clinical safety of a single intratumoral injection with α-gal glycolipids [29] . However, it was essential to determine if repeated injections of α-gal glycolipids were safe and to biopsy injected tumor nodules before and after treatment as it was anticipated that induction of inflammation in melanoma lesions, recruitment of APC to the treated lesions, and effective transport of TAA to draining LNs by the APC would require multiple intratumoral injections with α-gal glycolipids. We now report that two intratumoral injections of α-gal glycolipids, separated in time by 4 weeks and at a dose up to 10 mg/lesion, are Tumor biopsies were obtained to assess effects of treatment in both injected "target" and non-injected "non-target" lesions. No significant differences were found using necrosis as an indicator of treatmentassociated effect in target lesions pre-treatment vs. well tolerated. No dose-limiting toxicity was seen in any patient. Toxicity to this immunotherapy was limited to local injection-site reactions. The MTD of α-gal glycolipids for intratumoral injections was not determined, as no Grade 3 or higher treatment-associated toxicity was seen at the doses evaluated in this study. We also detected tumor necrosis in the majority of melanoma tumor nodules after intratumoral injection with α-gal glycolipids. However, we did not observe dramatic changes in cell infiltrates between pre-and post-treatment biopsies in this study. Patients who received chemotherapy, immunotherapy, or other investigational therapy within the preceding 4 weeks were excluded from this study, so concomitant treatments did not mediate changes in cell infiltrates in these patients. It could be that by the time the biopsies were performed (2 weeks following the first injection and 4 weeks following the second injection), most of the recruited APC migrated with the internalized tumor cell membranes to draining LNs. We identified no clinical toxicities to suggest treatmentassociated autoimmune toxicity. We followed serial ANA levels as a relatively non-specific marker of autoimmunity, and we did not see any evidence of induction of pathologic autoantibodies in this study population. One patient (UW001) had a diagnosis of paraneoplastic necrotizing myopathy after presenting with worsening fatigue, muscle weakness, and whole-body arthralgias at the time of significant melanoma progression approximately 8 months after intratumoral injection with α-gal glycolipids. The necrotizing myopathy diagnosis was considered unlikely to be related to the patient's prior treatment with α-gal glycolipids due to (1) delayed timing related to prior protocol therapy; (2) lack of an inflammatory cell infiltrate in the muscle biopsy; and (3) lack of detectable autoantibodies to striated muscle as assayed by ELISA with striated muscle tissue homogenate as solid-phase antigen [29] .
The immunological monitoring performed in this study suggested a modest melanoma-specific cellular immune response. In a few patients, we observed, albeit low, increases in the proportion of T cells binding TAA pentamers, or activated to produce IFN-γ (data not shown). Importantly, however, it should be noted that these assays were done without prior in vitro stimulation to increase the precursor frequency of responding cells, but rather from freshly thawed PBMC. While we hypothesize that α-gal glycolipids injection may potentiate responses to patientspecific neoantigens, we needed to use known immunodominant A2-restricted peptides and pentamers for our studies due to the lack of autologous tumor for the functional studies [30, 31] . Thus, the finding of modest melanoma-specific cellular immune responses in our study is not entirely surprising.
Since the natural anti-Gal antibody is produced throughout life as the most abundant antibody, harnessing it for targeting vaccinating antigens that express α-gal epitopes to APC has been proposed as an effective tool in cancer immunotherapy [16, 32] . Immunization of anti-Gal producing mice with HIV [33] and influenza virus [34] vaccines engineered to have α-gal epitopes resulted in 30-100-fold increases in immunogenicity compared to vaccines without α-gal epitopes. Accordingly, the efficacy of anti-Gal in eliciting protective antimelanoma immune response was demonstrated in anti-Gal producing mice (i.e., α1,3 galactosyltransferase knockout mice) immunized with B16 melanoma cells engineered to express α-gal epitopes [35] . This immunotherapy was further validated in the mouse melanoma model with a melanoma cell line transfected with retrovirus vector containing this gene [36] and with melanoma cell line expressing the α-gal epitope and producing human MUC1 [37] .
In an attempt to induce anti-Gal-mediated targeting of autologous TAA to APC, clinical trials were performed in patients with pancreatic and hepatocellular carcinomas by in vitro enzymatic synthesis of α-gal epitopes on tumor cell membranes [38, 39] . Anti-Gal further targeted these tumor cell membranes for in vitro uptake by autologous DCs that were subsequently injected, together with the tumor cell membranes, as an autologous tumor vaccine into the treated cancer patients.
The immunotherapy with α-gal glycolipids was developed in order to enable the in situ expression of α-gal epitopes on tumor cells, thereby converting them into autologous tumor vaccines targeted by anti-Gal to APC without the need of any in vitro manipulations. Immunotherapy with intratumoral injection of α-gal glycolipids can be investigated in many clinical situations, including neoadjuvant therapy in which the injected tumor serves as a temporary autologous vaccine before definitive resection of surgically resectable lesion. In addition, the simplicity of this therapy allows for intratumoral injection of α-gal glycolipids to be administered in most clinic settings without the need of specialized facilities for in vitro processing.
It is possible that α-gal glycolipids may synergize with other immunological treatments in combined immunotherapy to mediate antitumor activity in patients with advanced disease. For example, intratumoral injection of α-gal glycolipids may activate T cell clones specific to neoantigens on tumor cells that could be subsequently expanded following administration of immune checkpoint inhibitors. Recent evidence suggests that analysis of PD-L1 expression may identify melanoma patients most likely to benefit from immune checkpoint blockade [5, 7, 40] . While not an endpoint of this study, exploratory histological analyses were performed to evaluate whether the α-gal glycolipids injections impacted tumor cells and potential immune effector cells by up-regulating PD-L1 expression. Indeed, a proportion of patients showed up-regulation of PD-L1 on infiltrating macrophages in tumor nodules, and two patients showed up-regulation of PD-L1 expression on tumor cells. In addition to its presence on tumor cells, PD-L1 can be expressed on myeloid-derived DCs, monocytes, and MDSCs in humans [41] [42] [43] . Additional biomarker analysis of α-gal glycolipids treatment is needed.
In conclusion, repeated intratumoral injections with α-gal glycolipids injections are safe and well tolerated and do not elicit local or systemic allergic reactions following two injections given 4 weeks apart at a doses up to 10 mg/ injection. The reason why some patients do not react to the therapy remains unknown and further investigations should address this critical issue. Because of the ubiquitous production of the natural anti-Gal antibody in humans and in view of the immunotherapeutic efficacy of α-gal glycolipids in melanoma bearing anti-Gal producing mice, we suggest future optimization of the treatment dose, alone and in combination with immune checkpoint blockade, as a strategy to enhance treatment efficacy. 
